1,2 and conceptual development in condensed matter physics for decades 3 . When combined with the unique electronic properties of twodimensional crystals, rich new physical phenomena can be probed at the quantum level 4, 5 . Here, we create a new 2DEG in black phosphorus -a recent member of the two-dimensional (2D) atomic crystal family [6] [7] [8] -using a gate electric field. We achieve high carrier mobility in black phosphorus 2DEG by placing it on a hexagonal boron nitride (h-BN) substrate. This allows us, for the first time, to observe quantum oscillations in this material. The temperature and magnetic field dependence of the oscillations yields crucial information about the system, such as cyclotron mass and lifetime of its charge carriers. Our results, coupled with the fact that black phosphorus possesses anisotropic energy bands with a tunable, direct bandgap [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , distinguishes black phosphorus 2DEG as a novel system with unique electronic and optoelectronic properties.
Two-dimensional electron gases (2DEG), have been an important source of experimental discovery
1,2 and conceptual development in condensed matter physics for decades 3 . When combined with the unique electronic properties of twodimensional crystals, rich new physical phenomena can be probed at the quantum level 4, 5 . Here, we create a new 2DEG in black phosphorus -a recent member of the two-dimensional (2D) atomic crystal family [6] [7] [8] -using a gate electric field. We achieve high carrier mobility in black phosphorus 2DEG by placing it on a hexagonal boron nitride (h-BN) substrate. This allows us, for the first time, to observe quantum oscillations in this material. The temperature and magnetic field dependence of the oscillations yields crucial information about the system, such as cyclotron mass and lifetime of its charge carriers. Our results, coupled with the fact that black phosphorus possesses anisotropic energy bands with a tunable, direct bandgap [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , distinguishes black phosphorus 2DEG as a novel system with unique electronic and optoelectronic properties.
2DEGs form when electrons are tightly confined to a quantum well, as typically found at the 2D heterojunction in a field-effect transistor (FET). The recent emergence of 2D layered materials has greatly enriched the prospective host materials of 2DEGs.
These atomically thin crystals provide a maximum level of quantum confinement, while introducing remarkable new physics to the 2DEG due to their distinctive electronic structures 4, 5, 16 . The charge carrier mobility is an important characteristic of 2DEGs -a high mobility is required to observe physical phenomena that are unique to 2D systems such as the integer and fractional quantum Hall effects 1 . Furthermore, the mobility plays a crucial role in the application of 2DEGs in high speed devices 18 , which are ubiquitous in consumer electronics. However, despite the large number of semiconductors currently available, 2DEGs with high mobility (> 1000 cm 2 /Vs) are only found in a selected few.
In this letter we report a new type of high mobility 2DEG that we induce on the surface of black phosphorus using a gate electric field. A new member of the 2D atomic crystal family, black phosphorus is a stable allotrope of phosphorus that features an anisotropic puckered honeycomb lattice in each layer. Bulk black phosphorus is a semiconductor with a direct bandgap of ~ 0.3 eV (Ref. [19] [20] [21] [22] [23] , which is expected to progressively increase to ~2.0 eV as the crystal is thinned down to monolayer (also referred to as phosphorene) 9, 10 . Field-effect transistors (FETs) made out of few-layer phosphorene has recently been shown to exhibit high conductance modulation [6] [7] [8] 23, 24 , anisotropic charge transport 7, 13, 15, 23 , and high carrier mobility [6] [7] [8] 23, 24 . Here we achieve a Hall mobility in our few-layer phosphorene 2DEG that is one order of magnitude higher than the previous record. This high mobility allowed us for the first time to observe the quantum oscillations in black phosphorus, and we were able to probe the formation of Landau levels (LL) in our few-layer phosphorene 2DEG in the extreme quantum limit.
We apply the FET principle to black phosphorus, and our device structure is shown in Fig. 1a and 1b. The key to the high mobility in our sample is two-fold: black phosphorus crystals with much improved quality (see Methods); and h-BN substrate, which has been demonstrated to preserve the ultra-high mobility in graphene samples 17 .
We start with black phosphorus and h-BN thin flakes that are freshly cleaved on Polydimethylsiloxane (PDMS) film and Si wafer covered with 286 nm SiO2, respectively. The black phosphorus flake on PDMS is then transferred onto the h-BN supported on SiO2/Si wafer following Ref. 25, and the dry transfer method ensures an extremely clean interface between the two flakes. To avoid the degradation of black phosphorus surface, the mechanical exfoliation and transfer process were performed in an Ar atmosphere with O2 and H2O content kept under 1 ppm. We then fabricate electrodes on top using standard electron beam lithography, followed by metal deposition (Au/Cr, 60 nm and 2 nm, respectively). The degenerately doped Si serves as the back gate that we use to induce electron or hole carriers in the sample. The thickness of black phosphorus flakes were chosen to be ~ 10 nm and we found that slight variation in the sample thickness does not affect our experimental results.
We observe drastically improved charge carrier mobility in our black phosphorus
FETs on h-BN substrate at low temperatures. Here two types of mobility are obtained on the same sample for comparison: a) the field-effect mobility FE , extracted from the line fit of the transfer characteristics (Fig. 1c) approaching the lowest LL and the transport is already in the extreme quantum limit (Fig. 2b) . In addition, the splitting of every LL into two means that the spin degeneracy is fully lifted at 31 B T, suggesting a potentially large Landé g-factor for the carriers.
The constant period of the oscillations seen in Fig. 2b is prima facie evidence of two dimensionality of the charge transport in our sample. We attribute the tight confinement of the out-of-plane motion of the carrier to the narrow quantum well at the interface induced by the gate. The width of the quantum well is determined by ab-initio calculations to be 2 nm (see Supplementary Information, and also Ref. 13 ). Our calculation further shows that doped free carriers are mostly confined within ~ 2 atomic layers under our gate voltages, as shown in Fig. 2e .
Indeed, additional evidence of the two dimensionality of our system is uncovered by an analysis of the gate-dependence of the SdH oscillations shown in Fig. 2a . The drastic departure from our observation provide unambiguous proof that the electron gas in our sample is 2D.
Having established the 2D nature of our system, we now extract more specific information on the black phosphorus 2DEG. We do so by analyzing the amplitude of
, which can be generally decomposed into three reduction factors 28 :
These factors contain crucial information on the cyclotron effective mass, lifetime and spin of the 2D charge carriers, which we discuss below.
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The T dependence of the amplitude is described by the first reduction factor ) and a lower bound
) for hole and electron g-factor, respectively. The relative energy spacing of spin-split LLs inferred from our experiment is illustrated in Fig. 4e . We note that for electrons the Zeeman gap is larger than the inter-LL gap in a magnetic field (the opposite is true for holes). This is indeed corroborated by our observation that the dips at the Zeeman gap are more prominent than those at the inter-LL gap for electrons ( Fig.   2a and 2b ).
To summarize, we have successfully created a field-induced high mobility 2DEG
in black phosphorus in an FET structure. The high quality of the 2DEG allows us to observe SdH oscillation for the first time in black phosphorus. We determine the cyclotron mass of both holes (0.34 m0) and electrons (0.47 m0), which are notably larger than those found in bulk crystal, possibly due to the 2D nature of the electron gases.
We also obtain the carrier lifetime ( Figure 4 Hole Electron 
Quantum Oscillations in Black Phosphorus Twodimensional Electron Gas

Supplementary Information
Modeling the surface charge accumulation in black phosphorus FET
We performed ab initio calculations, combined with model extrapolation, to determine the distribution of gate-induced charge carriers, and to extract the thickness of the 2DEG in our black phosphorus FET devices. The ab initio calculations were done with the SIESTA package, and we modeled our device with a 10-layer (~ 5.8 nm) black phosphorus slab that is doped to certain carrier density and subjected to gate electric field. We then obtained the free carrier distribution by integrating the local density of states between the Fermi level and the valence band maximum (conduction band minimum) for holes (electrons).
The ab initio calculations worked well up to a gate electric field of 0.4 V/nm (Fig.  S1a, black curves) , but higher fields close the black phosphorus band gap and render the calculations unmanageable. In order to get the charge distribution at fields up to 1.1 V/nm that are realized in our experiment, we analytically modeled the low-field distribution and extrapolated it to high fields. Specifically, we modeled the envelope of free carrier density with Airy function (Fig. S1a, red broken lines) :
where is the first zero of , and and are adjustable parameters. becomes exact if the confining potential is a triangular well. Here is determined by the total free charge and controls the width of the function. We extracted and by fitting with our ab initio calculations at low gate electric fields (Fig. S1a) , and then extrapolated and to high fields ( Fig. S1c-d) . Our results show that most of the free carriers are confined within ~ 2 atomic layers (~ 1.1 nm) when the gate electric field is above 0.4 V/nm, confirming the 2D nature of our black phosphorus electron gas.
Finally, we calculated the subband energy levels in black phosphorus 2DEG induced by a gate electric field of 1.1 V/nm, the same field used in our experiment. We first obtained the confinement potential by solving Poisson's equation with the extrapolated charge distribution. The confinement potential, depicted in Fig. S1b (black  lines) , yields a subband splitting of ~ 300 meV for electrons (and ~ 250 meV for holes, not shown) as the solution to a one-dimensional Schrödinger equation. The lack of nodes in the charge density profile (Fig. S1c and S1d for electrons and holes, respectively), coupled to the fact that calculated density of surface states in the first subband is 2 orders of magnitude larger than the doping level experimentally observed in the sample, indicates that only the first subband is occupied in our experiment. 
Crystal orientation determined by Raman spectroscopy
We performed Raman spectroscopy with linearly polarized light to determine the crystal orientation of our black phosphorus samples. The excitation laser ( 532 nm) was polarized in the x-y plane and incident along the z direction. As shown in A peak intensity strongly depends on the polarization angle, while the other two modes do not show significant angular dependence (Fig. S2c) . Since A peak intensity is well fitted with a cosine dependence (Fig. S2d) , and we identified the x direction of the crystal as the direction on which the cosine function is maximum. The x direction of the crystal shown in Fig. 2a determined this way was found to be 21 away from the title axis in the angle-dependent magneto-resistance measurements ( A peak intensity by a cosine function (blue).
Black phosphorus electron gas -3D or 2D?
In this section we will first calculate the angular dependence of the SdH oscillation frequency F B we would expect if our black phosphorus electron gas is 3D instead of 2D. We will then show that the 3D model of the electron gas does not fit our data, and our results can only be explained by a 2D black phosphorus electron gas. Let us first assume the gate electric field induced electron gas in black phosphorus is 3D. In this case the Fermi surface can be approximated by a tri-axial ellipsoid: Fig. S3a ) that is at an angle from the x axis, the external crosssection seen by the magnetic field becomes S9 : each axis. Both data sets depart significantly from the dependence expected in the 3D case, and fall on the straight line corresponding to a 2D electron gas. Our results provide unambiguous evidence that our black phosphorus electron gas is 2D instead of 3D in nature. as expected from model calculations (solid lines) and from our measurements (squares and circles). Red circles and blue squares are observed angular dependence as the sample is tilted about two orthogonal axes ( 21 and 69 ) . Both data sets depart significantly from the dependence expected in the 3D case (blue and red), and fall on the straight line (black) corresponding to a 2D electron gas.
Measurement of cyclotron mass of electrons
In the main text, we have obtained the hole cycltron mass by fitting the temperature-dependent SdH oscillation amplitude with the reduction factor T R . This procedure works well for holes ( 0 g V ), because the SdH oscillations contain only a single frequency (Fig. 4a) , and the data are well described by Eq. (1). Problem arises if we try to use the same procedure to extract the cyclotron mass on the electron side of
The Zeeman splitting of the LLs introduces the second harmonic into the SdH oscillations (Fig. S4a) , and the thermal damping of the oscillation amplitude is no longer described by T R .
However, an accurate determination of the electron cyclotron mass is still possible if the higher harmonics are taken into account. Since the oscillatory part of xx R is dominated by the first and second harmonics on the electron side (Fig. S4a, inset ), the oscillations are described by
is the coefficient of the first (second) harmonic, and ) (T , D and are defined in the main text. Indeed, by simply adding the second harmonic component to a 'simulated' oscillation signal, we can reproduce the main features in our data (Fig.   S5b ). As the main peaks are now split into two and minor valleys develop between the split peaks, the definition of the 'amplitude' of the SdH oscillations needs to be clarified.
We define the amplitude as the difference in xx R between a major valley and its adjacent minor valley. As is clear in Fig. S4b , the amplitude by this definition comprises contributions from both harmonics: the first harmonic contributes a T, where the Zeeman splitting of the LLs are clearly visible. We also carried out the fitting with only the first harmonic at 20 B T (Fig. S4c, solid lines) , and the resulting cyclotron masses do not show appreciable deviation. This result indicates that T R is dominated by the first harmonic term in Eq.
(S6). At low fields ( 20 B T), Zeeman splitting becomes negligible, and fitting with only the first harmonic is sufficient (Fig. S4d, black squares) . In the main text, we displayed the electron cyclotron mass at both low fields ( 20 B T) and high fields ( 20 B T), obtained from fitting with only first harmonic and with first and second harmonics, respectively. 
Calculating the effective mass of electrons and holes
We used first-principle density functional theory (DFT) calculation with the PBEvan-der Waals functional to obtain the fully relaxed atomic structure of black phosphorus. The energy band structure was then calculated using the HSE06 hybrid functional. A plane-wave basis was used in all our calculations with a 45 Ry energy cutoff and a norm-conserving pseudopotential. The sampling grid in k space was 14 × 10 × 1 for few-layer structures and 14 × 10 × 4 for the bulk. The effective mass ( along the armchair and along the zigzag direction) of free carriers were obtained by fitting the band-edge dispersion near the Fermi level with a parabola (the Fermi level is determined from the gate-induced doping level used in the experiment). So the hole masses were calculated at energies slightly below the VBM, and the electron masses were at energies slightly above the CBM. , , and cyclotron mass are shown in Table S1 and S2 in unit of bare electron mass. 
